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Abstract 
Atmospheric particulate matter (PM) is a complex mixture of microscopic particles with different shapes, sizes 
and chemical compositions.  The ultrafine size fraction of PM consists of particles with diameters less than 
100nm.  In urban areas, traffic is a dominant source of ultrafine particles (UFP).  Gasoline-powered and diesel-
powered engines emit UFP with different size distributions and chemical compositions.  This paper describes 
the UFP and supporting data provided by Southern Ontario Centre for Atmospheric Aerosol Research for the 
purposes of identifying particle size distributions emitted from diesel-powered and gasoline-powered vehicles.   
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1. Introduction 
Particulate matter (PM) is defined as a microscopic mixture of solid and liquid particles suspended in the air 
that vary in size, chemical composition, and origin [1].  Atmospheric PM originates from multiple natural and 
anthropogenic sources.  Natural sources include forest fires, windblown dust and soil, entrained sea salt and 
volcanic eruptions.  In contrast, the dominant anthropogenic source is the combustion of fossil fuels, mostly for 
power generation and motor vehicle use.  The PM from both natural and anthropogenic sources can be further 
classified as primary or secondary particles.  Primary particles are emitted directly into the atmosphere such as 
soot from burning wood.  Secondary particles are formed through physicochemical transformation of gases that 
are emitted in large quantities from combustion processes.   
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Fig. 1 shows the theoretical mass distribution of PM in the atmosphere.  A particle is described as ultrafine 
if the diameter is less than 0.1 μm.  Particles can be quantified in terms of their number, surface area, volume, 
or mass.  Particles > 0.1 μm contribute the majority of the mass, but are few in number.  In contrast, particles in 
the ultrafine range constitute the majority of the number but contribute only a small percentage of the overall 
mass of PM.  Thus, particle number concentration is usually used to describe the ultrafine particles (UFP) while 
particle mass concentration is used to describe the larger fractions. 
 
 
Fig. 1: The theoretical mass distribution of PM in the atmosphere.  Total suspended particles (TSP) refers to atmospheric particles; PM10 
refers to all particles with diameters less than 10μm, PM2.5 refers to all particles with diameters less than 2.5μm, and UFP refers to ultrafine 
particles with diameters less than 100nm. Strictly, fine PM is determined operationally as the combined mass all particles with diameters 
less than 2.5μm. However the UFP particles typically make a negligible contribution to the fine PM mass. 
 
Both long-term and short-term exposure to PM has been associated with a wide range of adverse cardiovascular 
and respiratory disease outcomes [2, 3].  Historically, all particles with diameters less than 30 μm or total 
suspended particulates (TSP) were regulated.  However, not all size fractions of PM are capable of entering the 
human respiratory tract.  In recent years, the PM regulatory framework has changed from a single mass 
measurement of TSP to multiple mass measurements characterizing the different size fractions of PM (e.g. 
PM10 and PM2.5).  UFP has been shown to deposit into the deepest regions of the respiratory tract [4]; however, 
to date, no ambient standards exist. 
 
1.1. Ultrafine Particles: Formation and Transformation 
Traffic is a dominant source of ultrafine particles (UFP) in urban areas.  Depending on the engine and fuel 
type, UFP can be emitted directly as soot or formed through a series of chemical reactions involving sulphuric 
acid, ammonia and water [5].  Combustion in gasoline-powered spark ignition engines occurs when the mixture 
of volatilized fuel and air is ignited.  A three-way catalytic converter treats the exhaust by oxidizing the 
hydrocarbons and carbon monoxide to carbon dioxide and water, and reducing the oxides of nitrogen to 
nitrogen gas.  UFP nucleates as the exhaust cools from sulphuric acid formed from sulphur compounds in the 
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gasoline and ammonia produced while the catalytic converter reduces the oxides of nitrogen to nitrogen gas 
(Secondary Formation Pathway, Fig. 2).  UFP from gasoline-powered spark ignition engines tend to have 
diameters less than 50nm.  Combustion in diesel-powered compression engines relies on the heat of 
compression to ignite the fuel.  Soot forms early in the combustion process as fuel rich areas form in the engine 
cylinder.  Particles from diesel-powered engines tend to be composed primarily of black carbon (or soot) and 
have diameters greater than 50nm (Direct Emission Pathway, Fig. 2).  Other parameters such as emission 
control technology, engine load, and driving conditions can impact traffic-related UFP emissions. 
 
 
 
Fig. 2: Emission Pathways.  UFP emitted from gasoline-powered spark ignition vehicles follows the secondary formation pathway.  UFP 
emitted from diesel engines follows the direct emission pathway.  PAHs refer to polycyclic aromatic hydrocarbons; VOCs refer to volatile 
organic compounds. 
 
Once in the air, UFP can grow or shrink as organic compounds condense onto or evaporate from their 
surface (Transformation Pathway, Fig. 2).  Many external factors can impact the initial nucleation of particles 
and their subsequent growth or shrinkage including ambient temperature, wind speed, wind direction and the 
concentration of other pollutants [6].  For example, cooler ambient temperatures favour the formation of UFP 
and lower wind speeds may reduce the dispersion of UFP from its emission source.  The presence of high 
concentrations of large particles may result in the scavenging of UFP or the precursor gases required for UFP 
formation (i.e. sulphuric acid, ammonia and organic compounds). 
This paper describes the data provided by the Southern Ontario Centre for Atmospheric Aerosol Research 
for the data mining contest entitled: “Source Identification of Traffic-Related Ultrafine Particles.” The 
following sections describe the sampling site, instrumentation and the behaviour of roadside UFP.  This contest 
is motivated by the proliferation of instrumentation capable of characterizing multiple size fractions of PM at 
high-time resolution.  Despite the widespread adoption of these instruments, the ability to capitalize on the 
wealth of information contained in these datasets has not kept pace.  Air quality monitoring campaigns now 
produce increasingly large datasets and yet most analysis found in journal publications consists of reporting 
average concentrations. 
2. Sampling Methodology 
2.1. Sampling Site 
Measurements were collected at the Southern Ontario Centre for Atmospheric Aerosol Research (SOCAAR) 
located at the University of Toronto, in downtown Toronto, Canada.  SOCAAR is located on a four-lane major 
arterial roadway with daily traffic volumes between 15,000 and 20,000 vehicles per day and vehicle speeds of 0 
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to 50 km-h-1.  Traffic exhibits distinct working day and non-working day (weekends and holidays) patterns.  
The majority of the vehicles are spark-ignition gasoline-powered vehicles. 
2.2. Air Pollutant and Meteorological Measurements 
UFP was measured continuously with a Fast Mobility Particle Sizer (FMPS, TSI Incorporated, Shoreview 
MN, USA) between January 1st and March 31st 2012.  The FMPS separates and counts particles with different 
electrical mobility diameters.  The FMPS measured the particle size distribution between 8 and 254nm at 1-
second time resolution and reported particle number (PN) concentrations in dN/dlogDp (where N is the total 
number of particles per cubic centimeter and Dp is the particle diameter). Black carbon was measured 
continuously using a Photoacoustic soot Spectrometer (PAS, Droplet Measurement Technologies, Boulder, 
CO, USA).  The PAS uses two wavelengths of light (405 and 781nm) to measure the absorption and scattering 
of particle-phase black carbon.  The PAS was operated at 2-second time resolution.  Meteorological data 
including temperature, wind speed, wind direction and relative humidity was measured at 1-minute time 
resolution by a Columbia Meteorological Station.  The meteorological station was placed 1-storey aboveground 
near the SOCAAR site. 
2.3. Traffic Data 
A Traffic Data Sensor (TDS) was used to characterize the traffic flow outside the SOCAAR facility.  The 
TDS is an artificial intelligence traffic detection system that relies on edge detection to distinguish between cars 
and trucks (Fig. 3).  The instrument can measure up to four lanes simultaneously and can provide long-term 
traffic information on major roadways.  This instrument provided total traffic counts across four lanes at 5-
minute time resolution. 
 
 
Fig. 3: The Traffic Data Sensor view.  The yellow lines are the separation between lanes; the red triangle is the active detection, 
classification and counting zone. A heavy-duty diesel-powered truck can be seen in the rightmost detection zone. 
3. Challenge Descriptions 
3.1. Contest Challenge 1: Roadside UFP Behavior 
The SOCAAR sampling site is located near an intersection controlled by a smart traffic light system with 
variable timing that accommodates traffic volume and public transportation vehicles.  As heavier polluting 
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vehicles (most often diesel trucks) pass the sampling site or accelerate, PN concentration spikes are observed 
(Fig. 4).  The contribution of these spikes varies by the day of the week, time of the day, and weather 
conditions.  The red line shows the urban background concentration calculated by wavelet decomposition as 
described in [7] and the black line shows the contribution of vehicles superimposed on the urban background 
UFP concentration. 
 
 
Fig. 4: The variation of UFP as vehicles pass the sampling site.  The PN8-25 concentration refers to particles with diameters between 8 and 
25 nm.  The red line is the urban background UFP concentration determined via wavelet decomposition and the black line is the urban 
background plus the traffic signal. 
 
The objectives of Challenge 1 are threefold: 
1. Determine the appropriate threshold for inclusion or exclusion of PN concentration spikes.  This value 
may vary as a function of temperature and by time of day.  
2. Based on the threshold above, identify all  PN concentration spikes and report the total number of PN 
concentration spikes observed on an hourly basis for each sampling day. 
3. Separate the PN concentration spikes from the urban background concentration, quantify the 
contribution of the PN concentration spikes to the overall concentration of UFP, and report these 
values on an hourly basis. 
3.2. Contest Challenge 2: Source Identification 
This challenge builds on Challenge 1.  Gasoline-powered and diesel-powered vehicles usually emit UFP 
with different size distributions.  Typically, but not always, the peaks in Fig. 4 come from heavy-duty diesel-
powered vehicles which produce bimodal particle size distributions with a dominant mode between 50 and 
100nm (Fig. 5).  This dominant mode is composed primarily of soot or black carbon.  A passing diesel-
powered vehicle often produces a black carbon concentration spike that matches the timing of the PN 
concentration spike.  Using the black carbon data in conjunction with the PN concentration data may allow for 
heavy-duty diesel-powered vehicles to be identified with greater certainty. 
The objective of this challenge is to identify PN concentration spikes that originated from heavy-duty diesel-
powered vehicles.  The training dataset consists of the high-time resolution UFP size distribution data, the 
black carbon measurements from the PAS, examples of particle size distributions from the diesel-powered fleet 
outside the SOCAAR facility and a subset of the TDS traffic data. 
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Fig. 5: A typical particle size distribution emitted from a passing diesel-powered heavy-duty vehicle.  In this case the dominant mode was 
located between 90 and 100nm.   
4. Sample Analysis and Contest Deliverables 
4.1. Challenge 1 Sample Analysis 
This section presents a sample analysis of Challenge 1.  Fig. 6 shows the total PN concentration variation on 
January 16th 2012.  The number of PN concentration spikes and urban background concentration varied 
throughout the day (upper panel, Fig. 6).  The background subtraction was performed using wavelet 
decomposition as described in [7].   
The number of PN concentration spikes and the contribution of the PN concentration spikes are shown on an 
hourly basis in Fig. 7.  For simplicity in this example, a threshold of 10,000 particles per cubic centimetre was 
used for peak identification.  The contribution of the PN concentration spikes was calculated dividing the 
background subtracted PN concentration data (lower panel, Fig. 6) by the raw data (upper panel, Fig. 6). 
4.2. Challenge 1 Deliverables 
The desired outputs of Challenge 1 are a single 1x24 vector (hourly values) of the total number of PN 
concentration spikes and a single 1x24 vector of the percentage contribution of the PN concentration spikes to 
the total observed PN concentration.  These vectors should be reported for each sampling day (e.g. 
01/16/2012).  The solution will be validated by correlating the two 1x24 vectors with the total hourly car and 
truck counts from the TDS. 
4.3. Challenge 2 Sample Analysis 
Fig. 8 shows the PN concentration for particles with diameters of 50-100nm (PN50-100) and black carbon 
concentration variation between 12:00 and 15:00 on January 16th 2012.  Four dominant black carbon 
concentration peaks were identified (A-D, Fig. 7).  However, there are several instances with PN50-100 
concentrations spikes without a corresponding black carbon concentration spike. 
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Fig. 6: The variation of PN concentration spikes for January 16th 2012.  The upper panel shows the raw data and calculated urban 
background concentration.  The lower panel shows the PN concentration spikes with the urban background concentration subtracted. 
 
 
 
Fig. 7: The number of PN concentration spikes using a threshold of 10,000 particles per cubic centimetre (upper panel) and the contribution 
of the PN concentration spikes to the total observed PN concentration (lower panel). 
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Fig. 8: Variation of PN50-100 and black carbon (scattering at 405nm) concentrations between 12:00 and 15:00 on January 16th 2012.  Four 
dominant black carbon concentration peaks were observed at time = 12:18 (A), 12:32 (B), 12:56 (C) and 14:05 (D). For clarity, the total PN 
concentration between 50 and 100nm is shown.  
 
Fig. 9 shows the particle size distributions that correspond with the black carbon concentration spikes A-D.  
All four particle size distributions have dominant modes between 50 and 100nm suggesting a heavy-duty diesel 
source. 
 
 
Fig. 9: The particle size distributions that correspond to the four dominant black carbon concentration peaks (Fig. 8). The urban 
background concentration was subtracted from all PN concentration values. 
4.4. Challenge 2 Deliverables 
The desired output of Challenge 2 is a single 1x24 vector (hourly values) for each sampling day containing 
the number of PN concentration peaks that can be attributed to passing heavy-duty diesel-powered vehicles.  
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These vectors will be compared to the total hourly truck count from the TDS. 
5. Data Availability 
The UFP, black carbon, meteorological and traffic data along with additional data documentation will be 
available for download at www.kaggle.com beginning on August 3rd 2012.  The training dataset will consist of 21 
days of data collected between January 1st 2012 and March 31st.  The days included in the training dataset will 
capture a wide range of meteorological conditions and traffic variability.  The evaluation dataset will consist of 
14 days of data randomly distributed between the January 1st and March 31st 2012 period. 
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